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LITHOGRAPHIC APPARATUS
TEMPERATURE COMPENSATION

BACKGROUND

1. Field of the Invention

The mvention relates to a lithographic apparatus compris-
ing a position measurement system and a method to deter-
mine a position of a first part of a lithographic apparatus with
respect to a position of a second part of the lithographic
apparatus.

2. Description of the Related Art

A Iithographic apparatus 1s a machine that applies a desired
pattern onto a substrate, usually onto a target portion of the
substrate. A lithographic apparatus can be used, for example,
in the manufacture of integrated circuits (ICs). In such a case,
a patterning device, which 1s alternatively referred to as a
mask or a reticle, may be used to generate a circuit pattern to
be formed on an individual layer of the IC. This pattern can be
transierred onto a target portion (e.g. including part of, one, or
several dies) of a substrate (e.g. a silicon wafer). Transier of
the pattern 1s typically via imaging onto a layer of radiation-
sensitive material (resist) provided on the substrate. In gen-
eral, a single substrate will contain a network of adjacent
target portions that are successively patterned. Conventional
lithographic apparatus include so-called steppers, 1n which
cach target portion 1s 1irradiated by exposing an entire pattern
onto the target portion at once, and so-called scanners, 1n
which each target portion 1s 1irradiated by scanning the pattern
through a radiation beam 1n a given direction (the “scanning’’-
direction) while synchronously scanning the substrate paral-
lel or anti-parallel to this direction. It 1s also possible to
transier the pattern from the patterning device to the substrate
by imprinting the pattern onto the substrate.

An ongoing development in lithography 1s that dimensions
of patterns to be applied onto the substrate are reduced year by
year to be able to provide, e.g., integrated circuits having a
higher degree of integration (1.e., more memory cells or pro-
cessing capacity per square mm of chip area) and/or a higher
bandwidth, 1.e., a higher processing speed or a lower access
time. Also, 1n the case of a substrate comprising, e¢.g., a liquid
crystal display panel, smaller pattern sizes will support a
higher resolution of the display panel and other design
requirements. One of the factors to be able to achieve such
high accuracies, and to be able to apply multiple layers of
patterns onto the substrate which match with each other, 1s
that alignments in the lithographic apparatus have to fuliill
more and more stringent accuracy requirements. Such align-
ments may include, e.g., alignments of various parts of the
lithographic apparatus with respect to each other, e.g., an
alignment of a substrate table holding a substrate with respect
to the projection system, an alignment of a mask table holding,
a mask with respect to the substrate table holding the sub-
strate, an alignment of the mask table holding the mask with
respect to the projection system, as well as many other
examples. A common principle 1 such alignments 1s that
relative positions are determined, 1.e., a position of a first part
1s determined with respect to a position of a second part. The
smaller a s1ze of a pattern to be applied onto the substrate, the
higher the requirements on the accuracy of the alignment. In
current and future generations of lithographic apparatuses,
alignment accuracies of better than 1 nanometer may be
aimed at. Attempting to achieve such accuracies, sensitivities
for a variety of environmental conditions become extremely
high: temperature tfluctuations (e.g., due to electric dissipa-
tion by electronics, motors, lasers, etc.) may result 1n, e.g.,
expansion of constructions in the lithographic apparatus and/
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or expansion of gasses 1n the lithographic apparatus or other
elifects on the measurement system. Furthermore, pressure

fluctuations (e.g., due to shocks, movements, etc.) may result
in small displacements of portions of the lithographic appa-
ratus or have other effects on the measurement system, etc. A
turther aspect which plays a role here 1s that frequently use 1s
made of optical detectors such as interferometers and encod-
ers to measure 1n a contactless way a distance between vari-
ous elements or parts of the lithographic apparatus. As an
example, when aligning a first part of the lithographic appa-
ratus to a second part of the lithographic apparatus, optical
detectors may be applied to measure a position of the first part
with respect to a reference, while further optical detectors are
applied to measure a position of the second part with respect
to the reference. From these positions as measured, a relative
position of the first part with respect to the second part may be
derived, which information may be used to perform the align-
ment. A complicating factor here 1s that 1n particular interfer-
ometers perform a measurement with an outcome that 1s 1n
some way dependent on a wavelength of an optical beam
applied by the interferometer (such a laser source thereof). A
wavelength of the beam 1s however, due to physical laws,
dependent on various environmental conditions, such as a
temperature and a pressure of the medium (such as a gas)
through which the beam travels, but also carbon dioxide
concentration and relative humidity. Therefore, also pressure
of the medium through which the beam travels will affect a
wavelength of the beam. Therefore, temperature, pressure
fluctuations, etc., not only influence structures of the litho-
graphic apparatus (such as elements of the first and second
parts), but may also aflect outcomes ol measurements by
sensors, such as optical measurement devices. Pressure tluc-
tuations may also result 1n, e.g., refractive index variations
which may lead to position measurement errors. In addition to
the above, not only temperature and pressure changes have an
eifect on an accuracy of measurements 1n the lithographic
apparatus, also changes 1in humidity, in composition of gas
mixtures (e.g., CO2 concentration) and many other examples
will have an effect thereupon.

As an example, assume that a part of the lithographic
apparatus, €.g., a mounting of alens comprises a radius of 250
mm. Assume that this part comprises a steel having a thermal
expansion coelilicient of 12 ppm/K. Then, an expansion of 3
um per degree centigrade results. Thus, when a desired accu-
racy 1s in an order of magnitude of 1 nanometer or better, a
temperature fluctuation of 0.33 mK may be allowed at maxi-
mum. In practical implementations however, local or global
temperature fluctuations or changes which may be orders of
magnitudes larger, have been observed. Achieving a tempera-
ture stability up to adegree 01 0.33 mK 1s therefore considered
problematic, 1n fact virtually impossible 1n a current litho-
graphic apparatus. Furthermore 1n an alignment various parts
of the lithographic apparatus may play a role, and therefore
the allowable budget 1n tolerance of 1 nanometer may have to
be divided over a plurality of parts, thus tightening the above
temperature stability requirements even further.

SUMMARY

It 1s desirable to provide a lithographic apparatus and
method enabling highly accurate position measurements and/
or alignments.

According to an embodiment of the invention, there is
provided a lithographic apparatus to transfer a pattern from a
patterning device onto a substrate, including a position mea-
surement system to determine along a measurement path a
position of a first part of the lithographic apparatus with
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respect to a position of a second part of the lithographic
apparatus, the position measurement system including a plu-
rality of sensors to measure a physical parameter of a medium
along the measurement path, the position measurement sys-
tem to correct the determined position for the measured
physical parameter of the medium.

In another embodiment of the invention, there 1s provided
a method to determine a position of a first part of a litho-
graphic apparatus with respect to a position of a second part of
the lithographic apparatus, the method including determining,
along a measurement path the position of the first part of the
lithographic apparatus with respect to the position of the
second part of the lithographic apparatus, and measuring by a
plurality of sensors a physical parameter of a medium along,
the measurement path; and correcting the determined posi-
tion for the measured physical parameter of the medium.

BRIEF DESCRIPTION OF THE DRAWINGS

Embodiments of the imnvention will now be described, by
way ol example only, with reference to the accompanying,
schematic drawings 1n which corresponding reference sym-
bols indicate corresponding parts, and 1n which:

FIG. 1 depicts a lithographic apparatus according to an
embodiment of the invention;

FIG. 2 a part of a lithographic apparatus according to an
aspect of the mvention;

FI1G. 3 depicts a part of a lithographic apparatus according
to a further aspect of the invention;

FI1G. 4 depicts a timing diagram illustrating a lithographic
apparatus and a method according to a still further aspect of
the invention;

FIG. 5 depicts a timing diagram illustrating a lithographic
apparatus and a method according to another aspect of the
invention; and

FIG. 6 depicts a timing diagram illustrating a lithographic
apparatus and a method according to still another aspect of the
invention.

DETAILED DESCRIPTION

FIG. 1 schematically depicts a lithographic apparatus
according to one embodiment of the invention. The apparatus
includes an illumination system (1lluminator) IL configured
to condition a radiation beam B (e.g. UV radiation or any
other suitable radiation), a mask support structure (e.g. a
mask table) MT constructed to support a patterning device
(e.g. a mask) MA and connected to a first positioning device
PM configured to accurately position the patterming device 1in
accordance with certain parameters. The apparatus also
includes a substrate table (e.g. a water table) WT or “substrate
support” constructed to hold a substrate (e.g. a resist-coated
waler) W and connected to a second positioning device PW
configured to accurately position the substrate 1n accordance
with certain parameters. The apparatus further includes a
projection system (e.g. a refractive projection lens system) PS
configured to project a pattern imparted to the radiation beam
B by patterning device MA onto a target portion C (e.g.
including one or more dies) of the substrate W.

The illumination system may include various types of opti-
cal components, such as refractive, reflective, magnetic, elec-
tromagnetic, electrostatic or other types of optical compo-
nents, or any combination thereof, for directing, shaping, or
controlling radiation.

The mask support structure supports, 1.e. bears the weight
of, the patterming device. It holds the patterning device 1n a
manner that depends on the orientation of the patterming

10

15

20

25

30

35

40

45

50

55

60

65

4

device, the design of the lithographic apparatus, and other
conditions, such as for example whether or not the patterning
device 1s held 1n a vacuum environment. The mask support
structure can use mechanical, vacuum, electrostatic or other
clamping techniques to hold the patterning device. The mask
support structure may be a frame or a table, for example,
which may be fixed or movable as required. The mask support
structure may ensure that the patterning device 1s at a desired
position, for example with respect to the projection system.
Any use of the terms “reticle” or “mask” herein may be
considered synonymous with the more general term “pattern-
ing device.”

The term “patterning device” used herein should be
broadly interpreted as referring to any device that can be used
to impart a radiation beam with a pattern 1n its cross-section
sO as to create a pattern 1n a target portion of the substrate. It
should be noted that the pattern imparted to the radiation
beam may not exactly correspond to the desired pattern in the
target portion of the substrate, for example 1t the pattern
includes phase-shifting features or so called assist features.
Generally, the pattern imparted to the radiation beam will
correspond to a particular functional layer in a device being
created 1n the target portion, such as an itegrated circuit.

The patterning device may be transmissive or reflective.
Examples of patterming devices include masks, program-
mable mirror arrays, and programmable LCD panels. Masks
are well known 1n lithography, and include mask types such as
binary, alternating phase-shift, and attenuated phase-shiit, as
well as various hybrid mask types. An example of a program-
mable mirror array employs a matrix arrangement of small
mirrors, each of which can be individually tilted so as to
reflect an icoming radiation beam 1n different directions.
The tilted mirrors impart a pattern 1n a radiation beam which
1s reflected by the mirror matrix.

The term “projection system” used herein should be
broadly interpreted as encompassing any type of projection
system, including refractive, retlective, catadioptric, mag-
netic, electromagnetic and electrostatic optical systems, or
any combination thereof, as appropriate for the exposure
radiation being used, or for other factors such as the use of an
immersion liquid or the use of a vacuum. Any use of the term
“projection lens” herein may be considered as synonymous
with the more general term “projection system”.

As here depicted, the apparatus 1s of a transmissive type
(e.g. employing a transmissive mask). Alternatively, the appa-
ratus may be of a reflective type (e.g. employing a program-
mable mirror array of a type as referred to above, or employ-
ing a retlective mask).

The lithographic apparatus may be of a type having two
(dual stage) or more substrate tables or “substrate supports”
(and/or two or more mask tables or “mask supports™). In such
“multiple stage” machines the additional tables or supports
may be used in parallel, or preparatory steps may be carried
out on one or more tables or supports while one or more other
tables or supports are being used for exposure.

The lithographic apparatus may also be of a type wherein at
least a portion of the substrate may be covered by a liquid
having a relatively high refractive index, e.g. water, so as to
{11l a space between the projection system and the substrate.
An immersion liquid may also be applied to other spaces in
the lithographic apparatus, for example, between the mask
and the projection system. Immersion techniques can be used
to increase the numerical aperture of projection systems. The
term “1mmersion’ as used herein does not mean that a struc-
ture, such as a substrate, must be submerged 1n liquid, but
rather only means that a liquid 1s located between the projec-
tion system and the substrate during exposure.
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Referring to FIG. 1, the 1lluminator IL recetves a radiation
beam from a radiation source SO. The source and the litho-
graphic apparatus may be separate entities, for example when
the source 1s an excimer laser. In such cases, the source 1s not
considered to form part of the lithographic apparatus and the
radiation beam 1s passed from the source SO to the i1llumina-
tor IL with the aid of a beam delivery system BD including,
for example, suitable directing mirrors and/or a beam
expander. In other cases the source may be an integral part of
the lithographic apparatus, for example when the source is a
mercury lamp. The source SO and the 1lluminator IL, together
with the beam delivery system BD 1if required, may be
referred to as a radiation system.

The 1lluminator IL may include an adjuster AD configured
to adjust the angular intensity distribution of the radiation
beam. Generally, at least the outer and/or inner radial extent
(commonly referred to as o-outer and o-1nner, respectively)
of the intensity distribution 1n a pupil plane of the illuminator
can be adjusted. In addition, the 1lluminator IL may include
various other components, such as an integrator IN and a
condenser CO. The 1lluminator may be used to condition the
radiation beam, to have a desired uniformity and intensity
distribution 1n 1ts cross-section.

The radiation beam B 1s incident on the patterning device
(e.g., mask MA), which 1s held on the mask support structure
(c.g., mask table MT), and 1s patterned by the patterning
device. Having traversed the mask MA, the radiation beam B
passes through the projection system PS, which focuses the
beam onto a target portion C of the substrate W. With the aid
of the second positioming device PW and position sensor IF
(e.g. an mterferometric device, linear encoder or capacitive
sensor ), the substrate table W can be moved accurately, e.g.
so as to position different target portions C in the path of the
radiation beam B. Similarly, the first positioning device PM
and another position sensor (which 1s not explicitly depicted
in FI1G. 1) can be used to accurately position the mask MA
with respect to the path of the radiation beam B, e.g. after
mechanical retrieval from a mask library, or during a scan. In
general, movement of the mask table MT may be realized
with the aid of a long-stroke module (coarse positioning) and
a short-stroke module (fine positioning), which form part of
the first positioning device PM. Similarly, movement of the
substrate table WT or “substrate support” may be realized
using a long-stroke module and a short-stroke module, which
torm part of the second positioner PW. In the case of a stepper
(as opposed to a scanner) the mask table MT may be con-
nected to a short-stroke actuator only, or may be fixed. Mask
MA and substrate W may be aligned using mask alignment
marks M1, M2 and substrate alignment marks P1, P2.
Although the substrate alignment marks as 1llustrated occupy
dedicated target portions, they may be located in spaces
between target portions (these are known as scribe-lane align-
ment marks). Similarly, i situations 1n which more than one
die 1s provided on the mask MA, the mask alignment marks
may be located between the dies.

The depicted apparatus could be used 1n at least one of the
following modes:

1. In step mode, the mask table MT or “mask support” and
the substrate table WT or “substrate support” are kept essen-
tially stationary, while an entire pattern imparted to the radia-
tion beam 1s projected onto a target portion C at one time (1.€.
a single static exposure). The substrate table WT or “substrate
support” 1s then shifted 1in the X and/or Y direction so that a
different target portion C can be exposed. In step mode, the
maximum size of the exposure field limits the size of the
target portion C 1maged in a single static exposure.
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2. In scan mode, the mask table MT or “mask support” and
the substrate table WT or “substrate support” are scanned
synchronously while a pattern imparted to the radiation beam
1s projected onto a target portion C (i.e. a single dynamic
exposure). The velocity and direction of the substrate table
WT or “substrate support” relative to the mask table MT or
“mask support” may be determined by the (de-)magnification
and 1mage reversal characteristics of the projection system
PS. In scan mode, the maximum size of the exposure field
limits the width (1n the non-scanning direction) of the target
portion 1n a single dynamic exposure, whereas the length of
the scanning motion determines the height (in the scanming
direction) of the target portion.

3. In another mode, the mask table MT or “mask support”
1s kept essentially stationary holding a programmable pat-
terning device, and the substrate table WT or “substrate sup-
port” 1s moved or scanned while a pattern imparted to the
radiation beam 1s projected onto a target portion C. In this
mode, generally a pulsed radiation source 1s employed and
the programmable patterning device 1s updated as required
alter each movement of the substrate table W or “substrate
support” or 1n between successive radiation pulses during a
scan. This mode of operation can be readily applied to mask-
less lithography that utilizes programmable patterning
device, such as a programmable mirror array of a type as
referred to above.

Combinations and/or variations on the above-described
modes of use or entirely different modes of use may also be
employed.

FIG. 2 shows a substrate W held by a substrate table WT. A
projection system PS 1s provided to project a beam of radia-
tion onto the substrate W. Further, a first interferometer IF1 1s
depicted which measures by means of a measurement beam
B1 a distance towards a reference mirror RM. A second
interferometer IF2 measures by means of a measurement
beam B2 a distance towards the substrate table WT. As inter-
terometer IF1 and interferometer IF2 are mechanically con-
nected directly or indirectly to each other, a combination of
the distances determined by the first and second interferom-
cters IF1, IF2 provides a measure for a relationship of the
position of the projection system PS to the position of the
substrate table WT holding the substrate W, interferometers
IF1 and IF2 forming part of a position measurement system to
measure a position of the projection system (or more pre-
cisely a center axis thereol) and the substrate table. Further,
FIG. 2 depicts air showers ASH1 and ASH2 which each
provide a stream of a gas (e.g. air, mitrogen. or any other
suitable gas) towards an area through which the respective
measurement beams B1, B2 travel. Also, 1t may be possible
that both beams are conditioned by one and the same air
shower.

Assume now that an optical center axis CAP of the projec-
tion system PS 1s to be aligned with respect to a center axis
CAW of the substrate W. Thereto, the first interferometer IF1
provides a distance between the mterferometer IF1 and the
reference mirror RM which 1s connected to the projection
system PS, while the second interferometer IF2 provides a
distance between that interferometer and the substrate table
WT (or more 1n particular a right side of the substrate table
WT seen 1n the plane of drawing of FIG. 2). Now adding a
distance between the center axis CAW of the substrate table
and the edge thereof on which the beam B2 reflects, as well as
a distance between the center axis CAP of the projection
system PS and the reference mirror RM, 1nto the alignment, a
relationship between the respective center axis CAP and
CAW may be determined. Now, between the center axis CAP
of the projection system and the center axis CAW of the
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substrate W a measurement path has been established, the
path extending from the center axis CAP of the projection
system, via the projection system PS, and in particular via a
mounting MNT of a downstream lens thereof, to the reference
mirror RM, via de measurement beam B1 to the first interfer-
ometer IF1, then to the second interferometer 1F2, via de
measurement beam B1 to the right side (as seen 1n the plane
of drawing of FIG. 2) of the substrate table W'T and then from
the right side of the substrate table WT via de substrate table
to the center axis CAW. Also, a position of the substrate W
with respect to the substrate table WT may have to be taken
into account. A problem which comes forward now, as
described above, 1s a sensitivity for environmental changes
such as a change 1n temperature or a change 1n pressure (or
other parameters such as humidity, chemical composition
etc.). Structures 1n the measurement path such as the mount-
ing MN'T of the projection system PS, or the substrate table
WT may show expansion elfects due to temperature changes
or other effects, while a wavelength of the measurement
beams B1, B2 also depends on a temperature (or pressure or
other effects) these eflects resulting 1n a sensitivity towards
the temperature, pressure etc.) of the position as determined
making use of the respective interferometer. According to an
aspect of the mnvention, temperature sensors TS are provided,
along at least a part of the measurement path. In this example,
temperature sensors TS are provided in the mounting MN'T, in
a relevant part of the substrate table W, as well as along
nozzles of the air showers ASH1, ASH2 thus sensing a tem-
perature of the gas flowing out of the respective nozzles. The
inventors have devised that small temperature changes may
occur 1n a structure e.g. the mounting MNT of the substrate
table WT. These small temperature differences may be 1n an
order of magnitude of mK, however also larger or smaller
temperature differences may be imaginable. To be able to take
account of these temperature difierences, a plurality of tem-
perature sensors 1S are provided along the path, 1 this
example a plurality of temperature sensors in the mounting
MNT as well as 1n the substrate table W, as well as a plurality
of sensors along the nozzles. As for the nozzles, it 1s possible
that a temperature sensor 1s provided for each nozzle, how-
ever also plural temperature sensors per nozzle are 1magin-
able as well as a temperature sensor per group of nozzles. The
inventors have devised that a spacing between the tempera-
ture sensors of 5 centimeters may provide adequate results,
however the higher requirements on accuracy the smaller the
spacing between the temperature sensors may be. Each of the
temperature sensors TS may be read out individually (e.g. by
means ol a separate read out circuit), however 1t 1s also pos-
sible that the temperature sensors are multiplexed (thus, e.g.,
read out one after the other), reducing an amount of read out
clectronics to be required or according to a further aspect of
the 1nvention, the temperature sensors may be connected at
least partly 1n series. By connecting a group of temperature
sensors 1n series, an adding of resistance values thereof 1s
obtained which provides for an averaging effect of the resis-
tance value thereof and thus an averaging effect of a tempera-
ture measured. Thus, by connecting (groups of) the tempera-
ture sensor 1n series, it 1s not only possible to reduce a
complexity of read out electronics required, but also to reduce
a processing thereot, as averaging 1s already provided by the
putting in series. A further advantage of the series connection
1s that a gain (1.e. a change in resistance value versus a change
in temperature) of the series connection of sensors may be
increased, a signal to noise ratio may be improved, a lower
sell heating per sensor may be achieved due to the series
connection and a heating of the sensors may be better spread
in the medium. Furthermore, the effects mentioned here may
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be achieve with components that have favorable characteris-
tics such as negative temperature coetficient (NTC) resistors
having a nominal resistance value of approximately 10
kOhms. NTC’s around this nominal resistance value show a
low amount of noise and a high sensitivity, thereby making
use thereot favorable. Instead of or in addition to the negative
temperature coellicient resistors as described here, positive
temperature coe

Ticient resistors or any other type ol tempera-
ture sensors may be used too, an example thereol being semi-
conductor sensors. Furthermore, temperature dependent
resistors may also be connected 1n a so called Wheatstone
bridge connection to increase a gain and to reduce resistor
noise.

In addition to the series connection described above, 1t 1s
also possible that the sensors are connected 1n a series parallel
connection, comprising, €.g., parallel chains of series con-
nected sensors. Thereby, an averaging effect 1s achueved as
described above, providing the advantage that a total imped-
ance value of the sensors thus connected 1s reduced by the
parallel connection of the chains of series connected resistors.

Another example where the 1dea as described here may be
applied 1s when measuring a position of the substrate table
with an interferometer, the position of the table being mea-
sured thereby with respect to the metrology frame of the
lithographic apparatus. A thermal expansion ol the metrology
frame with respect to the center axis of the projection system
CAP may now be taken ito account by measuring a tempera-
ture of the metrology frame similarly to described above.

FIG. 3 depicts the projection system PS and the mask table
MT holding a mask MA. Also here if an alignment of the
projection system PS with respect to the mask MA held by the
mask table MT 1s to be performed, a similar problem as
described above with reference to FIG. 2 plays a role, 1.e.,
elfects of environmental conditions along a measurement
path. Inthis example, a center axis CAM ofthe mask MA held
by the mask table MT 1s to be aligned with respect to the
center axis CAP of the projection system PS. As an example,
a position of an edge M'TE of the mask table MT 1s measured
by means of an optical sensor (such as an encoder or an
interferometer). The position of the projection system PS may
be determined by means of the distance measurements
towards the reflective mirror RM as described above with
reference to FIG. 2. Also, 1t 1s imaginable that other types of
measurements are applied, 1t 1s e.g. possible that an optical
measurement measures a position of a marker on the mask
table MT or on the mask MA with respect to a marker con-
nected to the projection system. Thereto, 1t 1s possible that a
measurement beam 1s sent through the projection system and
the mask MA, the beam interacting with the respective mark-
ers. Also, 1t may be possible that a reflective mirror or retlec-
tive grid 1s connected to a side of the mask table M'T facing the
projection system PS, a measurement beam through the pro-
jection system PS or parts thereof reflecting on the said mir-
ror. Still further (as may be the case 1n a present lithographic
apparatus), i1t 1s possible that e.g. an encoder head 1s con-
nected to a lens or lens mount of the projection system, the
encoder head facing a grating on the mask table. In these
examples it 1s desired to align the center axis CAP of the
projection system to the center axis CAM of the mask MA
held by the mask table MT. The position of the projection
system and the position of the mask MA held by the mask
table MT are to be dertved from a position of the reference
mirror RM for the projection system and from, e.g., a position
of markers, e.g., at an edge of the projection system and/or the
substrate, etc., for the mask MA held by the mask table MT.
The position measurements by any of the above examples of
a position measurement system to measure a position of the
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mask M with respect to the projection system (or more pre-
cisely a center axis thereot) are thus performed making use of
a reference (a mirror, marker, grating, etc.) which does not
coincide with the center axis CAM, CAP. Also here, tempera-
ture sensor may be provided to. measure a temperature along,
such measurement path or a part thereof. For example, when
a reference mark RM on the mask table MT i1s used which
faces the protection system, in combination with a reference
mark RM on the projection system (e.g., at an edge of an
upstream lens or downstream lens of the projection system),
a plurality of temperature sensor TS 1n the mask table and a
plurality of temperature sensors TS 1n the mounting MNT of
the projection lens may be applied to determine a temperature
in a part of the mask table MT and/or the mounting MNT
which 1s 1n a path between the center axis CAM of the mask
MA and the reference mark RM on the mask table and/or a
path between the center axis CAP and the reference marker on
a lens of the projection system PS. Thereby, expansion of the
mask table MT and/or the mounting MN'T of the projection
system may be taken into account in a direction parallel to the
X-axis as drawn 1in FIG. 3. In this example, the markers are in
line with the center axis CAM and/or CAP 1n a direction
parallel to the Y-axis, thus obviating a need to perform a
correction 1n that direction. The reference markers RM may
comprise any suitable marker, comprising, e.g., a grid, a
plurality of parallel lines, etc., and may be reflective, trans-
missive, etc.

For the embodiment as may be applied with the current
lithographic apparatus a similar situation occurs. The encoder
head on the projection system determines a position of the
grating connected to the mask table. Here, the encoder head 1s
mounted to a side ol the projection system thus not coinciding,
with the center axis of the projection system. The encoder
head may face the mask table. Also, the grating on the mask
table may be located outside an optical window of the mask
table, and therefore not coincide with the center axis of the
mask. The gratings may face the projection system. There-
fore, the measurement path 1n this case comprises a distance
from the encoder head to the center axis of the projection
system as well as a distance from the grating to the center axis
of the mask as both the grating and the encoder head are offset
from the respective central axes. In current implementations,
both the position of the encoder head and the position of the
grating are oflset from the respective center axes 1n X direc-
tion. As an example, the encoder head may be mounted to a
top right most side of the FIG. 3 projection system, and the
grating may be mounted to a right side of the mask table MT
in the view of FIG. 3, the grating facing the encoder head,
thereby being able to cooperate with the encoder head. There-
fore according to the imnvention a measurement of a tempera-
ture of a path along a part of the projection system (e.g. along,
a part of the mounting of the upstream lens thereof similarly
to what has been depicted 1n FIG. 3) and along a part of the
mask table similarly to what has been depicted in FIG. 3, may
be desirable. Thereby, a temperature along a path along the
projection system and the mask table may be measured which
path corresponds to an offset between the center axes of the
mask table and the grating 1n X direction, and/or an offset in
X direction between and the center axis of the projection
system and the encoder head. The temperature measurement
allows for a correction of any material expansion along the
path due to temperature effects, thereby enabling to correct a
length of the path (1n this example a length in X-dimension
due to the offset 1n X direction). Further, as described above,
temperature sensors to measure a temperature in the gas
through which the encoder beam travels, may be applied also.
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In addition to or 1nstead of the measurement system com-
prising optical sensors as depicted in and described with
reference to FIGS. 2 and 3, other types of position sensors
may be applied, e.g., capacitive position sensors, etc. The
capacitive sensor may, €.g., measure a distance between a part
or structure (e.g., the substrate table) and the reference frame
or other reference structure, such as ametrology frame. In that
case, a similar correction mechanism may be applied: Capaci-
tive measurements are generally sensitive to a change in
dielectric constant, which 1s mainly a function of relative
humidity. Therefore, humidity sensors may be positioned
along a path of the capacitive sensors.

In general, the concept described here may be applied to
correct any measurement for an effect by any physical param-
cter, the physical parameter may comprise, €.g., a tempera-
ture, a pressure, a relative humidity, and/or a carbon dioxide
concentration, and the measurement system may comprise a
corresponding one ol a temperature measurement system, a
pressure measurement system, a relative humidity measure-
ment system and a carbon dioxide measurement system.

FIG. 4 depicts a timing diagram to explain a further aspect
of the invention. It1s not uncommon that a measurement value
(e.g., of a pressure sensor or a temperature sensor, a relative
humidity sensor, a carbon dioxide concentration sensor) 1s
only available after a delay time as of a start of a measure-
ment. The delay time may be due to an averaging of a mea-
surement value over a certain time span, however also a
processing by, e.g., read-out electronics, data processing
devices, etc., may play a role. A process which makes use of
the measurement value 1s now faced with a delay, firstly
because of a delay between the measurement and the avail-
ability of the measurement value, and secondly because the
process which makes use of the measurement value may be
a-synchronous with the availability of the measurement
value. Therefore, the measurement value may already be
available for some time, thus imntroducing effectively an addi-
tional delay between the availability of the measurement
value and the start of the process. All these delays result 1n an
inaccuracy, as a time between the actual measurement and the
moment 1n time at which the measurement value 1s taken 1nto
account by the process, increases. Therefore, fluctuations,
changes, gradients, etc. of the physical value which 1s repre-
sented by the measurement value, may not be taken into
account or may be taken into account to late. This problem
may be solved by an aspect of the invention which 1s
explained with reference to FI1G. 4. FIG. 4 shows a start ST of
a measurement process to obtain a measurement value MV.
After a delay time DT from the start ST, the measurement
value MV becomes available. According to an aspect of the
invention, a process PR 1s started upon availability of the
measurement value Mv. A start of the process PR may thus be
impeded (e.g. during the waiting period WP) until the mea-
surement value MV becomes available.

An alternative way to solve the problem as described above
with reference to FIG. 4, will now be described with reference
to FIG. 5. In FIG. §, belfore performing the process, a trigger
TR 1s provided to start the determining of the measurement
value. The trigger TR triggers a start ST of a measurement,
which after a delay time DT provides the measurement value
MYV. The process PR now starts at a moment 1n time which 1s
at least the delay time DT after the trigger, thus the process
starting when the measurement value MV has become avail-
able. Commonly, 1t 1s known at which moment in time the
process PR 1s to start, e.g., at periodic intervals. As these
moments in time are known on beforechand, a trigger may be
casily determined which 1s at least the delay time before the
scheduled start of the process PR. Using this trigger, the




US 7,978,339 B2

11

determination of the measurement value may be started to
make available the measurement value at the scheduled start
of the process PR. In the examples described with reference to
FIGS. 4 and 3, the measurement system may comprise a
temperature measurement system, a pressure measurement
system, or any other type ol measurement system. The pro-
cess may e.g., comprise an alignment process, however any
other process may be imaginable too. As an example, the
Sensor may comprise a pressure sensor which comprises a
crystal oscillator having a crystal whose resonance frequency
responds to a change 1n pressure. A frequency of the oscillator
provides thus a measure for the pressure to which the crystal
1s subjected. Read-out electronics integrate the frequency of
the oscillator over an integration time. A delay of a processing,
to process the integrated frequency, the integration time, as
well as other delays caused by, e.g., data transport, process-
ing, etc. result a delay time 1n making available the measure-
ment value. Additional delay may, as described above, be
introduced 1n that a process which makes use of the measure-
ment value, such as in this example the pressure, 1s asynchro-
nous with the making available of the measurement value,
hence introducing additional delay. In the example of the
pressure sensor described here, the measurement value pro-
vided by the pressure measurement 1s used 1n an alignment.
The measurement performed in respect of the alignment (e.g.,
the measuring of a distance by an interferometer) 1s now
performed at a moment 1n time when the measurement value
of the pressure measurement becomes available. Thus, the
measuring by the interferometer (which in this example thus
forms part of the process) 1s synchromized to the making
available of the pressure measurement value. In order to pre-
vent a huge amount of delay due to the synchronizing of the
process to the making available of the measurement value, it
1s possible that only 1n case of a critical measurement or
critical process the synchronization as described with refer-
ence to FIG. 4 1s performed. It 1s remarked that the alternative
embodiment as described with reference to FIG. 5 may be
performed without introducing such additional delays, as a
trigger 1s provided before the process 1s started to make the
measurement value available just before the scheduled start
of the process. The above may also be applied in case of
illuminating the substrate. As an example, 1t 1s possible to
provide a trigger to perform a pressure measurement some
time before a stationary speed of the substrate table has been
achieved, 1.e., before the moment 1n time at which 1llumina-
tion of a part of the substrate starts. Thereby, 1t 1s ensured that
the measurement value representative ol the pressure
becomes available at the start of the 1llumination of the part of
the substrate.

A Turther aspect of the invention will now be described
with reference to FIG. 6. FIG. 6 shows a timing diagram in
which a process PR 1s performed in the lithographic appara-
tus. The process may be the same as the one described with
reference to FIGS. 4 and 5, however also other processes are
imaginable. Examples thereol will be provided below. The
lithographic apparatus also comprises a measurement system
to measure a parameter, such as a physical quantity. A prob-
lem which now occurs 1s that sudden changes in the value of
the parameter may only retlect at alater moment 1n time 1n the
measurement value, due to delays in the measurement system
caused by, e.g., integration, filtering, delays in data process-
ing, etc., 1 case however that a process 1s sensitive to the
parameter, an undesired eiffect may have taken place in the
process by the change of the physical parameter, while the
measurement value has not yet reflected such change during
the performing of the process. Therefore, errors may come
torward as the outcome of the process may not be corrected
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for the change 1n the parameter. As an example, the process
may comprise an alignment, while the parameter comprises a
pressure. The inventors have devised that sudden changes in
pressure, €.g. due to an opening or closing of a door of aroom
in which the lithographic apparatus 1s located, or other shocks
or disturbances may result in sudden pressure fluctuations
which may affect an accuracy of the alignment. Due to how-
ever the transient nature of the pulses, and the delays in the
measurement of the pressure, a change 1n the measurement
value may occur after the alignment has been performed, or at
a moment 1 time when the alignment has already been
started. According to an aspect of the invention, the process
(thus 1n this example the alignment) may now be redone 1n
case that a change of the measurement value (thus in this
example a change of the pressure as indicated by the mea-
surement value) exceeds a predetermined threshold during
the performing of the process or in a time window thereafter
taking account of the delay time of the measurement system
to measure the parameter. Thus 1n this example, 1n case that
alter completion of the alignment, 1t appeared that the thresh-
old has risen, 1t 1s determined 1f the change 1n the measure-
ment value exceeded a predetermined threshold, and 11 this 1s
the case, then the alignment 1s repeated. Thereby, 1t 1s thus
made possible to take into account sudden fluctuations of a to
be measured parameter, even with a measurement system
which comprises a delay time, or which has a too low band-
width to be able to detect the changes in due time. The
measurement may not only comprise a pressure measure-
ment, however the principle described here may be applicable
to any other measurement, €.g., a temperature measurement,
ctc. The above example 1s schematically depicted in FIG. 6: 1n
the timing diagram shown in FIG. 6, the process PR 1s per-
formed and curve PRS 1indicates a pressure. Measurement
values are obtained at the moments 1n time indicated with
MV1, MV2, MV3, etc., and an outcome of the measurement,
1.¢., 1n this example the pressure measurement 1s indicated
with PM, thus representing a value of the most recent mea-
surement. The pressure curve PRS shows a pressure change
during the performing of the process PR (e.g., a disturbance
due to a shock, etc.). An effect of the pressure change will
only be available at MV 3, as due to the delays as described
above, the fluctuation did not reflect 1n a substantial change at
MV2. As described above, the change 1n the measurement
value from MV2 to MV3 may now be compared with a
threshold, and 1f exceeding the threshold, the process (thus in
this example the alignment) may be repeated again. In this
example the comparing of the change in the measurement
value 1s then making use of a difference between MV3 and
MV?2, however 1t 1s also 1maginable that a plurality of mea-
surement values are taken into account to determine 1f a
disturbance has occurred.

It 1s remarked that the principles as described with refer-
ence to FIGS. 4, 5 and 6 may be applied 1n a lithographic
apparatus according to the mnvention, such as described with
reference to FIGS. 2 and 3, however these principles may also
be applied in general with any lithographic apparatus thereby
providing one of more of the advantages as described.

In the embodiments as described with reference to FI1GS. 4,
5 and 6, use may be made also of multiple sensors, each
having 1ts own delay. In the FIG. 4 case, the waiting period
should be sufficiently long to make all required updated sen-
sor results available. In the FIG. 5 case, each sensor should be
provided with 1ts own trigger to make results by the respective
sensor available at the start of the process. In the FIG. 6 case,
the delay times of the various sensors should be taken into
account, thus the process 1s to be redone 1n case that a change
in the respective parameter during performing the process of
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within the delay time for that sensor thereafter, exceeds a
predetermined threshold, or in case that a weighted sum of
cach of the changes in the respective parameters (during
performing the process of within the respective delay time for
cach of the sensors thereaiter) exceeds a predetermined

threshold.

The embodiments as described with reference to FIGS. 4-6
may not only be applied with a temperature measurement
system or pressure measurement system, however may also
be used with a relative humidity measurement system and/or
a carbon dioxide measurement system achieving same of
similar effects as described above.

Although specific reference may be made 1n this text to the
use of lithographic apparatus in the manufacture of ICs, it
should be understood that the lithographic apparatus
described herein may have other applications, such as the
manufacture of integrated optical systems, guidance and
detection patterns for magnetic domain memories, flat-panel
displays, liquid-crystal displays (LLCDs), thin-film magnetic
heads, etc. The skilled artisan will appreciate that, in the
context of such alternative applications, any use of the terms
“watler” or “die” herein may be considered as synonymous
with the more general terms “‘substrate” or “target portion”,
respectively. The substrate referred to herein may be pro-
cessed, before or after exposure, 1n for example a track (a tool
that typically applies a layer of resist to a substrate and devel-
ops the exposed resist), a metrology tool and/or an inspection
tool. Where applicable, the disclosure herein may be applied
to such and other substrate processing tools. Further, the
substrate may be processed more than once, for example 1n
order to create a multi-layer IC, so that the term substrate used
herein may also refer to a substrate that already contains
multiple processed layers.

Although specific reference may have been made above to
the use of embodiments of the invention in the context of
optical lithography, 1t will be appreciated that the invention
may be used 1n other applications, for example imprint lithog-
raphy, and where the context allows, 1s not limited to optical
lithography. In imprint lithography a topography 1n a pattern-
ing device defines the pattern created on a substrate. The
topography of the patterning device may be pressed into a
layer of resist supplied to the substrate whereupon the resistis
cured by applying electromagnetic radiation, heat, pressure
or a combination thereof. The patterning device 1s moved out
of the resist leaving a pattern 1n 1t after the resist 1s cured.

The terms “radiation” and “beam™ used herein encompass
all types of electromagnetic radiation, including ultraviolet
(UV) radiation (e.g. having a wavelength of or about 363,
248, 193, 157 or 126 nm) and extreme ultra-violet (EUV)
radiation (e.g. having a wavelength in the range of 5-20 nm),
as well as particle beams, such as 1on beams or electron
beams.

The term “lens”, where the context allows, may refer to any
one or combination of various types of optical components,
including refractive, retlective, magnetic, electromagnetic
and electrostatic optical components.

While specific embodiments of the invention have been
described above, 1t will be appreciated that the invention may
be practiced otherwise than as described. For example, the
invention may take the form of a computer program contain-
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Ing one or more sequences of machine-readable instructions
describing a method as disclosed above, or a data storage
medium (e.g. semiconductor memory, magnetic or optical
disk) having such a computer program stored therein.
The descriptions above are intended to be illustrative, not
limiting. Thus, 1t will be apparent to one skilled in the art that
modifications may be made to the mvention as described
without departing from the scope of the claims set out below.
What 1s claimed 1s:
1. A method to determine an actual position of a first part of
a lithographic apparatus with respect to a position of a second
part of the lithographic apparatus, the method comprising:
measuring along a first measurement path a position of the
first part of the lithographic apparatus relative to a first
measurement device of the lithographic apparatus, the
first measurement path being between a first source and
receiver of the first measuring device and the first part of
the lithographic apparatus;
measuring along a second measurement path a position of
the second part of the lithographic apparatus relative to
a second measurement device of the lithographic appa-
ratus, the second measurement path being between a
second source and recerver of the second measuring
device and the second part of the lithographic apparatus

measuring, by a first plurality of sensors located along
nozzles of an air shower along the first and second mea-
surement paths, a temperature of a gas flowing out of the
respective nozzles;

measuring, by a second plurality of sensors located along

the first and second measurement paths, a physical
parameter of a medium along the first and second mea-
surement paths; and

correcting the measured relative position of the first part

with respect to the second part by taking into account the
measured temperature of the gas and the measured
physical parameter of the medium 1n order to determine
the actual position of the first part with respect to the
second part.

2. The method of claim 1, further comprising:

starting, upon availability of the measured physical param-

eter, a process which uses the measured physical param-
eter.

3. The method of claim 1, further comprising;

triggering, before a scheduled start of a process which uses

the measured physical parameter, a performing of a
physical parameter measurement; and

making available to the process the measured physical

parameter at the scheduled start of the process.

4. The method of claim 1, further comprising:

performing a process which 1s sensitive to the physical

parameter; and

re-performing the process when a change 1n the physical

parameter during the performing of the process or within
a delay time thereafter exceeds a predetermined thresh-
old for the physical parameter.

5. The method of claim 1, further comprising;

conditioning at least one of the first and second measure-

ment path with a shower.
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